I. INTORDUCTION
Bubbly two-phase flow across horizontal tube bundle is popularly encountered with shell-and-tube heat exchangers. And it is an important motion behaviour with flooded evaporators in refrigeration systems.
As in flooded evaporators, liquid boiling occurs outside the tube bundles. During the process, small bubbles formed at the nucleation site are periodically grown and released from the surfaces of tubes. Historically flooded evaporators have been designed based on theoretical research and experiments of a single tube under pool boiling conditions. According to Browne and Bansal [1] , four main factors affecting the heat transfer are: (1) Liquid superheat; (2) Cavity shape and contact angle; (3) Entrapment of vapor in cavities; (4) Bubble departure diameter and bubble frequency.
With the purpose of enhancing boiling on tubes, high performance boiling surfaces, geometries of tubes and structures of tube bundles are investigated. Webb [2] gave a good review of enhanced surfaces. Katz [3] took a research on how tube arrangement affects the thermal performance in a bundle. According to their theory, the two main factors determining the performance in tube bundles were convection and the effects of static head. Webb's [4] study showed that a tube with high pool boiling performance was also dominated by nucleate boiling in tube bundles. Muller [5] and Fujita [6] studied R113 boiling on tube bundles of different geometries. The experiments were conducted with low vapor qualities. And both them found that the heat transfer performance of bottom row was about the same as a single tube. In Fujita's study, boiling heat transfer models on multiple tube bundles must be ameliorated and the effects of the marginal tube bundles and the fluid convective circulation should also be considered. Nakajima [7] obtained test data for an R11 flooded evaporator. Their study indicated that the heat transfer coefficient for the upper half of the tube bundle was about 1.5 times that for the lower half part in the tested evaporator. However, the boiling heat transfer coefficient in the bottom half of the tube bundle was about seven times that of a single tube in pool boiling.
This was related to the convective flow which was caused by the bubble motion. In Cornwell's [8] study on boiling outside a tube bundle, it can be revealed that a multitude of small bubbles which flow rapidly while sliding up the side of the tube. And the sliding bubbles led to an enhancement of heat transfer observed at the upper tubes. Zhang [9] and Gupta [10] found the enhancement was proportional to the chance of bubble collision.
Both experiments and CFD method were used to investigate the heat transfer and flow resistance characteristics of twisted tubes under a single-phase condition. Zhang [11] and Gao [12] experimentally proved that fluid heat transfer in tube side can be enhanced while shell side has a lower pressure drop with the same velocity compared with the traditional tube-and-shell heat exchanger. Bishara et al. [13] , Yang et al. [14] and Zhou et al. [15] used the CFD method to analysis the fluid heat transfer and flow characteristics in both tube and shell side due to the special swirling configuration of twisted tube. The results show that fluid in tube side can be easily turbulent with low velocity. In the near wall region, fluid in the shell side swirly flows along the tube wall and gives a much higher heat transfer coefficient per unit of pressure drop.
For phase-change condition, Zhang [16] experimentally studied the heat transfer characteristics of steam condensation on horizontal twisted elliptical tubes with different structural parameters. They found that condensation heat transfer coefficients increase with the rise of the tube ellipticities. Gao [17] also conducted an experiment to investigate the nucleate pool boiling heat transfer performance and mechanism of R134a and R142b on a bank of twisted tubes with the machined porous surface. And the potential application to flooded refrigerant evaporators of twisted tube was discussed.
Although the former studies proved that twisted tubes have a better heat transfer effect than circular tubes in the phase change condition, the tube bundle performance in the nuclear pool boiling. Observation of the multiphase flow pattern in a flooded evaporator is very difficult. Refer to Chen [18] and Ciro [19] , a quasi 3D high speed video and computational fluid dynamics are implemented to analyse the motion behaviours of bubbly two-phase flow across horizontal twisted tube bundles. Trying to obtain the fluid flow pattern in the twisted tube bundle within the nuclear pool boiling. And make some guidance for designing twisted tube flooded evaporators.
II. EXPERIMENT APPARATUS AND PROCEDURES
In a twisted tube bundle, each tube is turned to align the twists at every plane along the tube length. This alignment makes tubes mutually contact at the peak of their superficial helixes. As the tube bundle is tightly strapped, no tube can move and a robust bundle is the end result. Fig. 1 shows that the radial section of a twisted tube can be considered as an ellipse which rotates for 360°in axial direction. In order to understand the motion behaviours of bubbles in the horizontal twisted tube bundles, a 108mm wide, 160mm high and 40mm deep PMMA (polymethyl methacrylate) bubble column is fabricated. 23 short elliptical cylinders are assembled on the column on a triangular pitch. And each of the elliptical cylinders can rotate around its centre point. The column is then filled with water at room temperature and atmospheric pressure. Meanwhile, air is pumped into water through holes. The visual observations are obtained using a digital video system through which the real-time velocities and diameters of bubbles can be measured. A schematic diagram of the experimental apparatus is shown in Fig. 2 .
III. COMPUTATIONAL MODEL

A. The VOF Method
A VOF method [20, 21] is used to simulate the motion of bubbles. Both gas and liquid are assumed to be incompressible and Newtonian. In this method, two or more phases are not interpenetrating. Each phase is identified by its volume fraction. And if using q  to denote the The continuity equation and momentum equation for the mixture can be described as follows:
The momentum equation is dependent on the volume fractions of all phases through the density  and viscosity  :
(1 )
The surface tension force F in Eq. (2) is computed by CSF model which proposed by Brackbill et al. [22] :
where  is the coefficient of surface tension, n is the surface normal,  is the local surface curvature calculated as follows:
The Geo-Reconstruct [23] scheme is used for tracing the interface of phases. In VOF method, geometric reconstruction is advected by solving an advection equation for the volume fraction of the secondary phase. The advection equation of th q phase can be written as:
The volume fractions of primary phase and second phase meet a basic relationship as:
The equations are solved by a commercial software FLUENT 6.2.
B. Computational Domain, Boundary Conditions and Numerical Schemes
In the present work, convective term is discretized using the QUICK scheme. And first-order implicit method is used for temporal discretization. The PISO algorithm is used for the pressure-velocity coupling. A 2-D rectangular numerical domain (H=160mm, W=108mm) as shown in Fig. 3 is computed. The bubble is set at the centre of the horizontal position and 15mm from the bottom for initialization. It will naturally rise through the intervals of elliptical cylinders.
IV. RESULTS AND DISCUSSION
As mentioned above, these elliptical cylinders can be rotated. Therefore, the angle  between major axis of cylinder and vertical direction is adjusted as 0°, 30°and 45°, respectively. The initial bubble injected is respectively 4, 6 and 8 in diameter 
A. Bubble Rising in Twisted Tube Bundles when  =0°
Akimi's [24] study shows that the bubble rotation and bounce normally take place when they leave the surface after a certain period of contact with the surface across horizontal rod bundles. So does the bubble moving across the elliptical cylinders, as shown in Fig. 4 . However, it is pretty slight comparing with rising across rod bundles. According to experimental and numerical results, it can be observed that bubbles rise along the cambered surfaces of the elliptical cylinders. 5 gives the experimental snapshots of bubbles rising across the cylinders. As the initial diameter enlarged, the bubble fracture phenomenon appears at the endpoints of elliptical cylinders. Large bubbles are divided into smaller ones. After that the small bubbles will rise similarly to the path lines given in Fig. 4 . Then they are distributed widely in the liquid phase.
The simulated Y-velocity of bubbles of different diameters rising across the cylinder is shown in Fig. 6 . In the beginning, the larger bubble rises faster. Once it impacts the cylinder, there is a greater resistance to its rising. Seen from Fig. 4-Fig. 6 , the elliptical cylinders affect little on bubbles of smaller diameter. And smaller bubbles have a higher rising acceleration when crossing the cylinders.
B. Bubble Rising in Twisted Tube Bundles when  = 30°
As  =30°, the elliptical cylinders are mutually connected at the endpoints. The intervals can be regarded as inclined channels for bubble rising. Basically the bubble moves along the elliptical curves (see Fig. 7 ). Unlike the bubble motion while  =0°, the profile of radial section has a more notable influence on smaller bubbles ( B d = 4 mm). It can be observed in both experiment and simulation (Fig. 7-Fig. 8 ) that larger bubbles rise in the inclined channel more steadily than smaller ones. Fig. 9 shows that bubble, 8 mm in diameter, has a higher acceleration than smaller ones when rising in the bundles. And the vibrating amplitude of its velocity curve is smaller. Therefore it can be assumed that the bubble of a larger diameter meets less resistance when rising in the inclined channel. 
C. Bubble Rising in Twisted Tube Bundles when 
Varied
Adjust  to make the endpoints of elliptical cylinders not be connected, shown in Fig. 10 . Most bubbles rise on one side of the cylinders. However, as the bubble diameter enlarged, some bubbles burst into smaller ones. And these small bubbles can easily get through the intervals between the cylinders in vertical direction. This can be assumed that both motion behaviours of bubbles described in 4.1 and 4.2 coexist when 0°< <30°. Fig. 11 gives the simulated path lines of bubbles rising in cylinders as  = 45° and 60°, respectively. For 30°< <90°, rising bubbles entirely move on one side of the cylinder. And as  gets enlarged, the average values of y V are less than the values when  <30°. When (Fig. 13) , the liquid velocities change dramatically after 1.2s with the diameter of bubble is 6mm. This is due to the bubble has risen to the liquid surface. The burst of bubble results in a strong fluctuation of the liquid. On the contrary, for diameter of bubble is 8mm, the velocities' fluctuations become weaken after 0.8s. It is due to a bubble division which observed and presented in 4.1. When  = 30° (Fig. 14) , bubbles rise in the inclined channel which formed by contacting elliptical cylinders. Therefore the split of bubbles has not been observed. The plot shows that the rising of larger bubbles has a greater impact on the liquid turbulence intensity. But the impact of smaller bubbles lasts longer. This is because larger bubbles rise to the liquid surface in less time. Brown's [1] study indicates factors which enhance the heat transfer in the tube bundles of flooded evaporators. And through a quasi 3D method, we conclude that the surface geometry of twisted tube plays an active role in heat transfer enhancement of the twisted tube evaporator. However the 3D investigation on flow and heat transfer characteristics seems to be more necessary. Subscripts and superscripts p , q primary and secondary phase, respectively
